Introduction
A dental subgingival implant is a fixture, surgically placed into the alveolar bone, which functions as an artificial root that can stabilize and support a fixed or removable prosthesis [1, 2] . In general, after implantation of a biomaterial, two possible tissue responses can take place. If a fibrous tissue forms between the implant and the bone, the implant fails. However, if a direct intimate bone-implant contact forms, the implant is said to be osseointegrated (a.k.a. osteointegrated) into the alveolar bone [3] . Osseointegration depends on a number of factors. As described by Brånemark [4] and Albrektsson et al. [3] , implant material, surgical technique, and healing period are the main factors which govern the success of dental implants. The implant material, usually titanium and its alloys [5] , zirconia [6] , or, as a potential future material, fiber reinforced composite (FRC) [7] should be biocompatible [8] and should possess suitable surface properties that induce bone formation around the implant. The implant material should have a suitable design [9] , high hydrophilicity [10] , and an appropriate surface roughness [11] . Coating the implant surface with osteoconductive coatings such as calcium phosphate [12] has been shown to increase the rate of osseointegration of dental implants [11] . Over the last several decades, commercially pure grade 2 or 4 titanium and its alloys have been the material of choice for endosseous implants [13] . However, titanium has been shown to exhibit a variety of problems. Because of the high modulus of elasticity of the titanium alloys, dental implants made from the material can cause stress-shielding [14] which may lead to periodontal bone loss [15] . Moreover, studies have documented very rare cases of patients developing hypersensitivity to titanium dental implants [16, 17] . Wear debris and ion leakage [18] can also be of concern with titanium dental implants. Aesthetics can be compromised if the dental implant is visible through a thin biotype gingiva because titanium is a dark material.
Polyetheretherketone (PEEK) is an organic synthetic polymeric tooth coloured material which has the potential to serve as an aesthetic dental implant material [19] . The structure of PEEK is given in Figure 1 . It has excellent chemical resistance and biomechanical properties. In its pure form, Young's modulus of PEEK is around 3.6 GPa. Meanwhile, Young's modulus of carbon-reinforced PEEK (CFR-PEEK) is around 18 GPa [7] which is close to that of cortical bone [20, 21] . Hence, it has been suggested that PEEK could exhibit lesser stress-shielding when compared to titanium [22] . However, PEEK has been shown to stimulate less osteoblast differentiation when compared to titanium [23] . This said, PEEK is a bioinert material and it does not possess any inherent osseoconductive properties [24] . PEEK can be coated and blended with bioactive particles to increase the osseoconductive properties and surface roughness. However, high temperatures involved in plasma-spraying can deteriorate PEEK. Furthermore, thick calcium phosphate coatings on PEEK can delaminate because of their limited bond strength when compared to coated titanium implants [25, 26] . Additionally, combining PEEK with particles in the size range of micrometers leads to mechanical properties falling inferior to those of pure PEEK or CFR-PEEK [27] . Therefore, more recently, a significant amount of research has been conducted to modify PEEK by coating or blending it with nanosized particles and producing nanolevel surface topography. The aim of this review is to highlight recent advancements towards producing bioactive nanocomposites and nanolevel surface modifications to ascertain the feasibility of nanomodified PEEK to be used as dental implant material.
Bioactive PEEK Nanocomposites
Bioactive particles can be incorporated into PEEK to produce bioactive implants [27] . Hydroxyapatite is a bioceramic with chemistry similar to bone and it is shown to induce bone formation around implants [11] . Hydroxyapatite particles (HAp) of the micrometer size range have been melt-blended with PEEK producing PEEK-HAp composites but these could be very difficult to be used as dental implants because of the poor mechanical properties produced due to the insufficient interfacial bonding between PEEK and hydroxyapatite particles [27, 28] .
Melt-blending PEEK with nanoparticles can be achieved to produce bioactive composite PEEK composite implants and at the same time enhance their mechanical properties [29] . The schematic diagram of the melt-blending process is shown in Figure 2 . Melt-blending of PEEK with bioactive nanofillers has been described by Wan et al. [29] and Wu et al. [30] . First, the PEEK powder and nanofillers are codispersed in a suitable solvent to form a uniform suspension. The solvent is then removed by drying in an oven and the powder mixture is placed in suitable moulds in the shape of the implants. The powder mixture and the moulds are preheated to a temperature of about 150 ∘ C at 35 MPa pressure. The temperature is then increased to 350 ∘ C-400 ∘ C at 15 MPa. When the melting point of PEEK is reached, the polymer melts but the bioactive filler particles remain solid. The temperature is maintained for 10 min after which the composite implants are air-cooled to 150 ∘ C. Upon cooling, the resultant material is a composite of solid PEEK matrix and the nanofillers dispersed within it ( Figure 2 ).
As shown in Table 1 , it can be observed that incorporating nanosized particles to PEEK can produce PEEK composites with enhanced mechanical properties and bioactivity. Wu et al. have suggested that incorporating nanosized TiO 2 particles to PEEK can increase osseointegration [30] . Threedimensional computerized tomography has shown that a higher amount of bone forms around PEEK/nano-TiO 2 cylindrical implants and they have improved mechanical properties when compared to pure PEEK because of an increased number of nanofiller particles [30] . The effect of free TiO 2 particles on cellular activity has been debated in the literature. Some studies suggest that they can stimulate an inflammatory or carcinogenic response in cells [31] and damage nerve tissue [32] . On the other hand, some studies have suggested that, when used as coatings or solid cores, TiO 2 can increase the rate of cellular proliferation and differentiation [33] [34] [35] . However, to date, no studies have investigated the possible release of TiO 2 particles from PEEK/nano-TiO 2 composites after undergoing mechanical loading.
Fluorohydroxyapatite (HAF) has been shown to induce higher bone cell proliferation than conventional hydroxyapatite and it possesses antibacterial properties due to the presence of fluoride ions (F − ) [36] [37] [38] [39] [40] . Wang et al. have shown that it can be possible to produce PEEK/nano-HAF implants using the process of melt-blending [29] . These implants possess antimicrobial properties against Streptococcus mutans, one of the main causative agents of periodontitis, and can exhibit Young's modulus almost 3 times of that of pure PEEK [29] . This increased modulus is still near to that of bone so PEEK/nano-HAF implants could still produce less stress-shielding than titanium implants. However, no studies have been attempted to investigate this.
Even with the incorporation of bioactive nanoparticles, the water-contact angle of PEEK nanocomposites does not decrease significantly when compared to pure PEEK [29, The solvent is then removed and the mixture is placed in suitable moulds and heated to a temperature above the melting point PEEK under high pressure in a mould (so-called compression moulding). Upon cooling, the resultant material is composite of PEEK and the fillers. The solid composite is then machined to provide shape or surface characteristics suitable for a dental implant. 30]. Although gas plasma treatment of PEEK/nano-HAp composite implants does reduce the surface contact angle to as low as 10 ∘ , they have not been tested in vitro and the effects of plasma gas treatment have been seen to be temporary [41] . As an increased contact angle is an indication of a more hydrophobic implant surface [11] , it is still uncertain whether a high contact angle can undermine the long-term biocompatibility of these implants and more research is warranted to investigate this concern.
Surface Modifications of PEEK Implants
Different types of surface modifications geared towards making PEEK more bioactive are summarized in Table 2 . In contrast to production of nanocomposites of PEEK, surface modification aims to alter the surface of PEEK with little or no effect on the core. To date, four processes have been used to nanomodify the surface of PEEK implants: spin-coating [42] [43] [44] , gas plasma etching [45] [46] [47] [48] [49] [50] [51] [52] , electron beam deposition [53] [54] [55] [56] [57] , and plasma-ion immersion implantation (PIII) [58] [59] [60] [61] [62] .
Spin-Coating with Nanohydroxyapatite.
Due to the drawbacks of thick hydroxyapatite coatings, research has been conducted and directed to coat implants with thinner coatings [11] . Spin-coating involves the deposition of a thin layer of nano-HA, precipitated in surfactants, organic solvents, and aqueous solution of Ca(NO 3 ) 2 and H 3 PO 4 , on the implants. During the deposition, the implants are spun at high speeds and are then heat-treated to form the coating [42] . The first study evaluating spin-coated PEEK implants by Barkarmo et al. [42] showed that the mean removal torque of spin-coated implanted discs was not significantly greater than that of uncoated implants and during the study, several implants failed. However, subsequent studies by Barkarmo et al. [43] and Johansson et al. [44] found higher removal torques compared to uncoated PEEK when the implant design had been modified by adding a threaded, cylindrical design. The findings suggested that an appropriate implant design is a very important factor as well as a suitable bioactive coating for successful PEEK dental subgingival implants. Nevertheless, there have been no studies conducted testing the bond strength of the nanohydroxyapatite coatings and all the current studies on spin-coated nanohydroxyapatite implants have not found any significant differences in the bone-implant contact of the modified and unmodified PEEK.
3.2. Gas Plasma Nanoetching. Nanoetching of PEEK implants can be achieved by exposing them to low power plasma gases like water vapour [45] , oxygen/argon, and ammonia [46, 47] . It has been suggested that plasma treatment of PEEK introduces various functional groups on its surface which makes its surface more hydrophilic [48] . The main advantage of using plasma treatment is the ability to produce nanolevel roughness on the implant surface and the extremely low water-contact angle on PEEK surface [46] . Indeed, in vitro testing of plasma-etched PEEK implants has been shown to accelerate human mesenchymal cell proliferation [46] . This has been thought to occur because of the increased hydrophilicity [49] and protein adsorption due to nanoroughness [50] . Because there is no coating involved in plasma-etched implants, there is no risk of a coating being delaminated. Poulsson et al. [47] have produced nanometer level surface roughness on the surface of machined rod shaped PEEK implants using low-pressure oxygen plasma and tested them in sheep. Although the plasma-modified machined implants had a higher surface roughness than uncoated machined and conventional PEEK implants, no significant differences were observed in the bone-implant contact of these implants after being implanted in sheep femurs and tibia after 26 weeks [47] . A recent study by Rochford et al. suggests that oxygen plasma-treated PEEK implants promote adherence of osteoblasts even in the presence of Staphylococcus epidermidis [51] but the cellular interaction of these surfaces in the presence of periodontal pathogens is still unknown. It has been observed that the surface properties of plasma-treated PEEK diminish over time [41] . However, it has also been observed and reported that treating PEEK with a pulsed Nd:YAG laser before plasma treating can prolong the effects of plasma [52] .
Electron Beam Deposition.
Electron beam deposition is a process used to decompose and deposit nonvolatile fragments on a substrate [53] . A thin titanium coating deposited on PEEK using electron beam deposition has been shown to increase the wettability and promote cellular adhesion [54] . When a titanium coating on PEEK produced by electron beam deposition is anodized, it is converted into a uniformly thick (2 m), crack-free, and highly nanoporous layer of titanium oxide (nTiO 2 ) which can be used to carry BMP-2 [55] . Many published in vitro and in vivo studies show that BMP-2 is a growth factor which plays a major role in differentiation of stem cells to osteoblasts [56, 57] . Given this, an immobilized growth factor on the surface of the implant could increase the rate of osseointegration around it.
Plasma Immersion Ion Implantation.
A substrate can be coated by a thin film of diverse particles placing the substrate in a plasma of the particles, repeatedly pulsed with high negative voltages which causes the plasma ions to be accelerated and then implanted onto the surface of the substrate [58, 59] . This process is known as plasma immersion ion implantation (PIII). PEEK can be coated by nano-TiO 2 particles using plasma immersion ion implantation [60] . A study by Lu et al. shows that PIII-coated PEEK implants could exhibit partial antimicrobial activity against Staphylococcus aureus and Escherichia coli [60] . However, it is not known if these types of surfaces could exhibit similar activity against pathogens more common in the periodontium. Furthermore, these implants have not been tested in vivo. Diamond-like carbon coated on PEEK has also been shown to exhibit increased bioactivity in vitro but the in vivo effects of the surface modification are yet to be evaluated [61] .
Summary and Conclusion
There are many ways in which PEEK can be modified at a nanometer level to overcome its limited bioactivity. Nanoparticles such as TiO 2 , HAF, and HAp can be combined with PEEK through the process of melt-blending to produce bioactive nanocomposites. Moreover, these composites exhibit significantly superior tensile properties when compared to pure PEEK. Additionally, HAF has antibacterial properties which could prevent peri-implantitis and early implant failures. Spin-coating, gas plasma etching, electron beam deposition, and plasma-ion immersion can be used to modify or coat the surface of PEEK implants at a nanometer level. Nanocoatings of materials such as HAp and TiO 2 produced by spin-coating and PIII can impart bioactive properties to the surface. Also, an anodized electron beam-coated TiO 2 nanolayer on PEEK can carry immobilized BMP-2 growth factor which can further enhance cellular activity. However, many of the aforementioned studies have been limited to in vitro testing. Using PEEK implants, which have not undergone extensive animal and human testing, yet carries a risk of failing early. Hence, more in vivo studies are required before nanomodified PEEK implants can be used broadly in the clinical setting.
